Effects of extruder parameters (barrel temperature: 75-175°C; screw speed: 76-100 rpm) and feed formulations (feed moisture: 15-21%; mango peel powder: 0-33.33%) on the extrudate properties, moisture loss, and the mixing torque during extrusion was studied. Feed formulations containing high moisture and mango peel powder produced less expand and hard extrudates. The torque decreased as the barrel temperature, screw speed and mango peel powder content increased. Low temperature extrusion increased the moisture loss of extrudates. Increasing the mango peel powder reduced the extrudate expansion, but the post-drying subjected to the extrudate produced improved texture.
Introduction
Mango (Mangifera indica L. Anacardiaceae) is widely grown in many parts of the world, especially in tropical countries including Malaysia. Mango is a seasonal fruit that is currently ranked the 5 th in the total world production which makes it one of the most popular tropical fruits in the world. [1] This fruit is usually consumed fresh or converted into processed mango products by the fruit processing industries. In the food industry, only the edible portion of the mango is utilized for the production of juice, jam, pickle, and others. Depending on the type of mango, the processing produces a vast amount of solid waste, amounting to 40-50% of the total fruit weight. The solid waste includes 5-10% pulps, 15-20% kernels, and 12-15% peels. They were commonly composted for fertilizer, [2] used as animal feed, [3, 4] and discarded as industrial waste. [5] Therefore, the development of healthy or functional food incorporated with fruit waste has widened the options in converting waste to wealth. Along with that alternatives, the environment also could be preserved by re-utilizing the byproducts from fruit industries.
Mango peel is a good source of polyphenols, carotenoids, dietary fibers, phytochemical, enzymes, vitamin E and vitamin C which possess various beneficial effects on human health when supplemented into food. [5, 6] Mango peels had been used as functional ingredients in the production of food such as noodles, bread, sponge cakes, biscuits and other bakery products. [7] Besides, mango peels can also be added to snack. In recent years, researchers have conducted studies on the development of extruded snack using different raw materials mixed with fruit by products. [8] [9] [10] [11] Addition of fruit waste in the extruded snack at different amount could alter their physicochemical (linear expansion, bulk density, colour, texture, composition) and extrusion properties (torque, residence time, specific mechanical energy). Korkerd et al. [8] obtained expanded snacks via the extrusion of feed mixture containing mango peel powder. They found that increasing the mango peel powder reduced the snack expansion but produced a good texture.
The most popular extrusion-cooked products include directly extruded snacks, snack pellets, baby food, pet food and confectioneries. [12] Full development of the cooking extrusion process requires a study of the function and operation of the cooking extruder combined with characterization of the structural, physical and rheological property changes in the food materials. [13] The variety of raw materials transformed through a combination of high pressure, temperature and shear force. [14] Changes in the feed ingredients such as fiber, sugar, salt and protein, or extrusion operation variables such as screw speed and barrel temperature, can influence the extrusion performance (such as torque, pressure and specific mechanical energy) [15] and also the extruded product quality (such as expansion, texture and sensory). [8, 16, 17] The extruder's mixing torque is related to the power consumed by the extruder during the extrusion cooking and is a significant factor of extruder's operational cost. Therefore, it is vital to optimize extrusion operation variables such as screw speed and barrel temperature to produce expanded products and controlled energy consumption. [18] Besides, cooking extrusion is well known as a versatile and efficient technology in the production of food products. [19, 20] Although Korkerd et al. [8] produced extruded snack incorporated with mango peel powder, the study was limited only on the expansion and nutritional properties of the snack. It is of interest in the present study to evaluate the impact of extrusion process variables (barrel temperature and screw speed) and feed formulations (feed moisture and mango peel powder addition) on the extrudate physical properties (linear expansion and hardness) and moisture loss, and also on the extrusion performance (maximum mixing torque) during the extrusion cooking.
Materials and methods

Materials
Corn grits (Product code-4951) were purchased from Lifestyle Ventures Sdn. Bhd., Malaysia. The corn grits were sieved using a sieving machine (Model AS 200, Retsch, Germany) to obtain ≤1 mm size of corn grits. The sieved corn grits were packed in zip lock bags and kept at room temperature for further use. Mango peels were collected from freshly cut fruit stalls located nearby the Universiti Putra Malaysia, Serdang. Table salt was obtained from TESCO Store Sdn. Bhd.
Preparation of mango peel powder
The mango peels were washed using tap water to remove dirt and soil. The washed mango peels were then subjected to a pre-treatment step, whereby they were soaked in 0.8 M of salt solution (dilution of 10 g of salt in 2000 mL distilled water) for 15 minutes. This was done to prevent the occurrence of browning effect on the peels. To achieve uniform drying, the pre-treated mango peels were spread uniformly on a stainless steel tray for oven drying (Model OF-22GW, JEIO TECH, Korea) at 55°C for 4 hours. The dried mango peels were ground using a dry kitchen grinder and sieved through a 125 µm mesh screen (Model AS 200, Retsch, Germany) before packed in a polyethylene zip-lock bag for further use.
Determination of extrudate formulation using optimization
Prior to this study, preliminary experiments were conducted to determine the possible range of feed formulations and extrusion process variables that can provide a smooth extrusion process without blockage at the die. The findings indicated that the feed materials were workably extruded by mixing the corn grits with the addition of mango peel powder ranges from 0.00% to 33.33% (wb) at low speed for 1 minute. Then the mixed materials were hydrated to the range of 15.5% -21.5% (wb) moisture content and left in a closed container at room temperature. The addition of mango peel powder and water was based on the weight of 200 g (100% of weight basis) corn grits for each feed formulation. The extrusion process condition range determined from the preliminary experiments were further used for optimization of corn-mango peel extrudate production. A rotatable central composite design with α-value equal to two was chosen to investigate the effect of barrel temperature (°C) (X 1 ), screw speed (rpm) (X 2 ), feed moisture (%) (X 3 ) and mango peel powder addition (%) (X 4 ) as independent variables on the physical properties of corn-mango peel extrudate which includes linear expansion (LE), hardness, and moisture loss ( Table 2 ). The effect on maximum mixing torque reached during extrusion cooking was also investigated. The barrel temperature is represented by the temperature at compression zone (Zone 2) and temperature at die (Zone 3). The design of expert software (Version 7.1.5 from Stat-Ease, Inc., USA) was applied for experimental design and result analysis. According to the central composite design, 29 runs have been carried out includes five repetitions of centre points. The experimental data for all 29 runs are tabulated in Table 2 . Analysis of variance (ANOVA) was used to evaluate the significance of models (linear, quadratic, two-factor interaction and cubic) of independent variables effects the responses. The accuracy of models for responses was indicated by evaluating the p-values and R 2 values whereby p-values should be less than 0.05 (p < 0.05) and R 2 should be more than 60% (R 2 > 0.6) respectively.
Extrusion cooking
Extrusion cooking was carried out using a laboratory scale single screw extruder Figure 1 , were simultaneously changed from 75 to 175°C and screw speed range between 76 and 100 rpm, based on the 29 runs generated using RSM ( Table 2 ). The temperature at entering zone (Zone 1) was fixed at 100°C throughout the extrusion process. After extrusion cooking was completed, the extrudates were cut into a length of 5 cm, packed in a polyethylene bag and kept in airtight container for further analysis.
Post-drying of extrudate
The extrudates produced at optimum extrusion condition were further dried in a hot air oven (Memmert, Germany) at the temperature of 105°C for 2 hours until it reached 1.5% moisture content. 
Hardness
Texture analyzer (Stable Micro System, TA.XT plus, United Kingdom) was used to test the hardness of snack food. The snack food was placed on a heavy-duty platform and cut using the WarnerBratzler stainless steel shear probe (shear angle 60°, probe thickness: 1.00 mm) at a pre-test and a test speed of 1.5 mm/sec, followed by a post-test speed of 10 mm/sec, respectively. [9] The hardness of extrudate was taken from the maximum force to cut the extruded product in Newton (N). Data reported was the average value of 5 measurements.
Proximate composition of raw ingredients and corn-mango peel extrudates
The crude protein (Kjeldahl digestion and distillation), crude fat (Soxhlet distillation), moisture content and ash content of corn grits, mango peel powder, and extrudates were analyzed according to AOAC (1995) methods. [21, 22] The available carbohydrates were calculated by difference using Equation (2) . The data obtained from proximate composition analysis was further used to calculate the specific heat capacity, C p using the Heldman 1975 (Equation (3)). [23] Calculated values for chemical compositions and C p were tabulated in Table 1 respectively. The extrudate was labeled differently according to their composition and extrusion condition from run 1 to 30 including the optimum extrusion condition. The tabulated values are the mean of triplicate samples.
C p ¼ 4:18X water þ1:547X protein þ1:672X fat þ1:42X CHO þ0:836X ash (3)
Moisture loss
Moisture loss of the extrudates was calculated using a specific energy balance equation which represented moisture loss at the discharge die. The calculated C p values as tabulated in Table 1 were further applied to the moisture loss (Equation (4)).
where M 1 is the moisture of feed material, ΔH fg is the latent heat of vaporization at atmospheric pressure, and M 2 is the calculated moisture loss in percentage. Referring to Yunus and Michael [24] the 
Results and discussion
Effect of extrusion process variables on the linear expansion of corn-mango peel extrudates
Extrusion process variables and extruder-related variables may influence the linear expansion significantly because they control the nature and extent of physical and chemical alterations occurred during extrusion. According to the ANOVA data tabulated in Table 3 , it was observed that the linear expansion of corn-mango peel extrudate was significantly (p < 0.05) affected by the extrusion process variables, specifically, screw speed and feed moisture, and also mango peel powder addition. The barrel temperature did not significantly affect the linear expansion in this study which was similarly Notes: CG = corn grit; MPP = mango peel powder; SS = screw speed; BT = barrel temperature; FM = feed moisture; CHO = carbohydrate; C p = specific heat capacity; * = optimum condition.
reported by Dehghan-Shoar and coworkers. [25] The proposed quadratic model for linear expansion has a relatively good correlation to experimental data (R 2 = 0.8293), significant at (p < 0.05). Figure 2 shows that linear expansion of the extrudate increased as barrel temperature and screw speed increased. The highest linear expansion (2.70) achieved at extrusion condition of 150°C, 100 rpm while the lowest linear expansion (1.18) achieved at 100°C, 76 rpm ( Table 2) . Formation of a starch matrix that entrapped water vapour caused expansion of the extrudate. At higher barrel temperature, the formation of vapour pressure in the barrel was expected to increase, thus increasing Notes: BT = barrel temperature; CG = corn grit; SS = screw speed; FM = feed moisture; MPP = mango peel powder. *,**, ***, **** = significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, p ≤ 0.0001 respectively. X1 = Barrel temperature (°C), X2 = Screw speed (rpm), X3 = Feed moisture (%), X4 = Mango peel powder addition (%).
the degree of gelatinization of starch. [26] Water vapour entrapped in the starch matrix formed bubbles. As barrel temperature increased, more moisture was trapped and increased the viscosity of the mixture during extrusion. Shearing the mixture at the very viscous condition with high screw speed made the mixture left the exit at die in a high-pressure condition, thus enhanced the expanding of the extrudate. The more water vapour entrapped in the starch matrix, the more water vapour was flash-off at the exit die. The pressure and temperature after die discharge were expected to be lower than in the extruder (atmospheric pressure) causing the extrudate to expand immediately once it exits the die. A similar trend of increasing linear expansion with increasing barrel temperature and screw speed has been reported. [8, 27] On the other hand, at the temperature above 175°C, the linear expansion decreased to 1.38. The cross-section view of selected extrudates showing the significant effects of the extrusion process variables on the linear expansion as displayed in Figure 3 . This was observed due to the degradation of starch which inhibits bubble growth and weakens the structure. [28] [29] [30] The maximum expanding temperature was influenced by the type of raw material used, ingredient formulations and different types of extruders. [31] Different optimum temperatures were reported in studies extruding barley with tomato pomace [11] and a mixture of rice, wheat and corn grits with tomato lycopene. [25] The effects of feed moisture and mango peel powder addition on linear expansion are illustrated in Figure 4 . The extrudates yield linear expansion values between 1.18 and 2.70 as compared to control extrudate (100% corn grit without mango peel powder) which produce 2.08 ( Table 2 ). The highest linear expansion (2.70) was observed at 8.34% MPP addition and 17% of feed moisture, whereas the lowest linear expansion (1.18) was observed at 25% MPP addition and 20% feed moisture. As shown in Figure 4 , the linear expansion decreased with increasing feed moisture content from 15.50% to 18.50% (wb). High moisture of feed material cooked at lower barrel temperature was expected to produce less expanded and hardened extrudate when cooled. Conversely, too low moisture content may cause too viscous condition inside the barrel and blockage at the end of the die exit. Low expansion of extrudate at high moisture content had probably resulted from a lesser degree of gelatinization of starch. High moisture condition reduced the friction between the feed material and the screw or barrel internal wall when shearing. Therefore, the linear expansion of extrudate reduced. The expansion of extrudate decreased when mango peel added was increased up to 33.33% (Figure 4) . From Table 2 , the linear expansion started to decrease when the addition of mango peel powder exceeded 8.34% (wb). This showed that the addition of mango peel powder restricted the expansion of extrudate. Similarly to this investigation, other related studies found that the addition of fruit waste into extrudate also resulted in low extrudate expansion. [10, 11, [32] [33] [34] [35] The decrease in linear expansion could be because of a high percentage of protein, fat and fiber in the feed ingredients which increased in interaction and retarded the expansion at the die exit. [36, 37] Besides, Potter et al. [38] experienced a reduction in the expansion when adding fruits powder which was probably because of competition for moisture that occurred between fruit powders and starch, thus affecting the degree of gelatinization. On the other hand, an opposite trend was observed with increasing level of peach processing by-products and banana flour blend with rice flour and corn grits. [9, 39] Effect of extrusion process variables on the hardness of corn-mango peel extrudates
The acceptance of extrudate depends on the texture itself which usually described by their hardness or crispiness. Hardness can be defined as the maximum force to penetrate the extrudate. [40] The effects of extrusion process variables on the extrudate hardness are presented in Figures 5 and 6 . The surface plot in Figure 5 illustrates that increasing barrel temperature significantly (p < 0.05) decreased the hardness. However, there is no significant effect of screw speed on the hardness of the extrudates. Figure 6 shows that the interaction between feed moisture and mango peel powder addition (X 3 X 4 ) significantly (p < 0.05) (Table 3 ) increased the hardness. The regression model fitted to the experimental data obtained for hardness showed a higher coefficient of determination (R 2 = 0.8536). The hardness of corn-mango peel extrudates are varied between 34.55 N and 379.83 N. Reduction in barrel temperature increased the extrudate hardness with a maximum hardness value of 379.83 N at 100°C, 76 rpm screw speed, 20.00% feed moisture, and 25.00% of mango peel powder. This has resulted in the less expanded extrudates with a harder texture and compact product. Furthermore, the addition of mango peel powder at a higher content level was observed to increase the hardness of extrudate. Mango peel powder probably tends to absorb and retain water during the extrusion. Increased moisture content (p < 0.05) increased hardness significantly. This could be due to a lower rate of starch degradation at high moisture content. [34] Similar trends reported decreased in hardness value have been observed while extruding yam flour with corn and rice grits and blue corn with cornstarch. [31, 34] Opposite trend was reported by Chinellato et al. [41] where the hardness of extrudate decreased with the addition of 2 % and 5% of hibiscus powder. This trend was found to be contrary to this investigation, may be due to a lower range of additional ingredients substituted.
Effect of extrusion process variables on maximum mixing torque
The response surface plot (Figure 7) shows the effect of barrel temperature and screw speed on the maximum mixing torque achieved during extrusion. The model developed for predicting the maximum mixing torque explained 81.44% of the data variability. It shows that maximum mixing torque was significantly affected by the barrel temperature (p < 0.05), screw speed (p < 0.05) and mango peel powder addition (p < 0.05). However, there is no significant effect on the interaction between the extrusion process variables. The highest maximum mixing torque value (67.4 Nm) is determined at a lower barrel temperature of 125°C whereas the lowest value is 10.3 Nm at 175°C (Table 2) . High barrel temperature reduced the force required by the extruder to produce cornmango peel extrudate. A higher degree of transformation occurred at a higher temperature, which caused a decrease in the viscosity of material inside the barrel. As screw speed increased, mass flow rate inside the barrel increased. [42] This condition was expected because the drag flow during extrusion was supposedly directly proportional to screw speed. [43] Chevanan et al. [42] also had reported that apparent viscosity decreased when screw speed increased. The decreasing of apparent viscosity representing material inside the barrel exhibited shear thinning behaviour. Figure 7 shows that the measured torque value decreased as the screw speed increased. However, in the condition of lower screw speed, torque value increased that caused the flow rate of material to decrease. Omeire and coworkers [44] found a similar trend of torque during cooking extrusion of cassava flour. Increased screw speed resulted in a lower torque value. They reported the lowest torque value obtained was 15.6 Nm. This was due to a broader range of screw speed used (109 rpm-190 rpm). A lower torque requirement provides less energy consumption for the drive motor to turn the screw during extrusion. Although the torque value in this study was much higher compared to the production of the extrudate from cassava flour, an extrusion at optimum barrel temperature and screw speed at a lower range were also expected to contribute in lower energy consumption. The significant effect of mango peel powder addition was illustrated in Figure 8 . Increasing the percentage (0 to 25%) of mango peel powder addition during extrusion cooking creates a lubricating effect inside the extruder. This effect can be observed at the extrusion temperature of 125°C, where the maximum extrusion mixing torque of feed sample without mango peel powder is higher compared to the feed sample contained 25% mango peel powder ( Table 2 ). The torque values of extrusion cooking were found varies depending on the types of ingredient used. This is due to the variations in the chemical compositions (ash, moisture content, fat, protein, and carbohydrate) and rheological properties of the ingredients. [25, 38, 45] However, adding mango peel powder at a higher percentage (33.33%) had increased the maximum mixing torque value ( Table 2) .
Effect of extrusion process variables on moisture loss of corn-mango peel extrudates
Moisture loss phenomenon is suitably described by the moisture flashed off from the extrudate at the exit of the die. The R 2 value from the models developed in predicting the moisture loss explained 88.32% of data variability. Figures 9 and 10 are the surface response plot, shows the effect of barrel temperature, screw speed, feed moisture and mango peel powder addition on the moisture loss of the extrudate. The moisture loss was significantly affected by the linear parameter of barrel temperature and feed moisture (p < 0.05) ( Table 3 ). The moisture loss of extrudates was decreased when barrel temperature increased but increased when feed moisture increased. An energy balance was calculated around the die discharge to estimate the loss of moisture in the extrudates caused by the flashing off steam as the pressure dropped to ambient pressure. [43] Moisture loss was calculated using Equation (4) with the C p values also were calculated using Equation (3) and data from proximate analysis. The proximate composition of the extrudates is tabulated in Table 1. From Table 2 , the highest percentage of moisture loss (15.38%) was recorded at the barrel temperature of 75°C, while the lowest value (7.96%) was recorded at the temperature of 125°C. At lower barrel temperature, the vapour pressure inside the barrel is lower. Therefore, the water entrapped in the starch matrix would be less. When the sample reached the die exit, the excess moisture flashed off to the atmosphere which this phenomenon was unlikely to occur when extrusion conducted at high barrel temperature. But at a condition of higher temperature and low moisture content (such as 125°C barrel temperature and 15.5% feed moisture), the moisture of the feed material was expected to lose along the extrusion flow before it exits the die, causing a decrease in moisture loss compared to lower temperature.
Optimization and models validation
Numerical optimization method was applied to generate the optimum extrusion condition for the production of expanded corn-mango peel extrudates with acceptable hardness value. Desired goals were assigned for all independent variables and responses. The optimum extrusion condition was generated after the barrel temperature, screw speed, feed moisture and mango peel powder were set in range. As for the responses, linear expansion was maximized whereas the hardness and maximum mixing torque were minimized, and the moisture loss was set in range. From the numerical analysis, an optimum extrusion condition with predicted values of responses at the highest desirability value of 0.747 was obtained and tabulated in Table 4 . Extrusion cooking was conducted according to the optimum extrusion condition to validate the models. The extrudates produced from the optimum extrusion condition were analysed, and the responses showed 2.06 maximum linear expansion, 64.88 N hardness, 23.6 Nm maximum mixing torque and 10.42% calculated moisture loss (Table 4) . For snack products, it is desirable to have a higher expansion and lower hardness values, but it is not always necessary. It was reported in one previous study that some commercial snack products have much higher hardness values between 150 N to below 200 N. Interestingly, the study also reported that hard snacks made with hulls and milled seed flour were accepted as desirable by the sensory panellists in the sensory analysis when compared to the commercial snacks in regards to the products' texture. [46] Nonetheless, further investigation on the texture of the optimised extrudate was done. As shown in Figure 11 , a cross section view of the optimized extrudate displayed observable grittiness in the extrudate texture, which possibly influenced the hardness of the product. Thus, a post-drying process was subjected to the optimized extrudate with an attempt to eliminate this issue and consequently further improved the product's texture.
Effect of post-drying technique on extrudate properties
A drying step was applied to the optimized extrudates with aimed to impart the desired texture (such as crispier) by eliminating the grittiness observed in the extrudate and further reducing the final moisture content. In the current study, the extrudates underwent a post-drying step in a hot air oven at 105°C temperature for 2 hours to achieve a desired low moisture of 1.5%. The linear expansion and hardness of the post-dried extrudates were measured to investigate the impact of the post-drying Figure 11 . Cross section view of corn-mango peel extrudates produced at optimum condition: (a) non post-dried extrudate (b) post-dried extrudate.
technique. The properties of non post-dried and post-dried extrudates were tabulated in Table 5 and then compared. There was no differences in term of expansion ratio of the extrudates between non post-drying and post-drying, but the texture of the post-dried extrudate yielded a significant difference which is less hard and crunchier. The hardness of the extrudate reduced from 64.88 N to 27.03 N. This has marked a reduction of more than 50% of its original hardness value. During the post-drying process, the moisture content in the extrudate was further reduced thus, eliminated the grittiness and yielded crispier texture (as experienced with crispy sound and easy broken). As displayed in Figure 11 , there is no observable gritty particle in post-dried extrudate as compared with non post-dried ones ( Figure 11 ). The use of coarse grits can be undesirable, especially when using a single extruder as they tend to segregate in the feeding system and the inlet region of the extruder barrel. [47] The moisture content of the extrudate recorded about 7% reduction of its initial weight after the post-drying process. There was no difference between the linear expansion of non post-dried and post-dried extrudates which demonstrated that their linear expansion was not affected by the post-drying technique.
Conclusion
In conclusion, this work demonstrated the production of corn-mango peel extrudate via cooking extrusion. The extrusion process variables namely barrel temperature, screw speed, feed moisture and mango peel powder addition gave significant effects on the extrudate properties. Increased barrel temperature and screw speed increased the linear expansion but decreased the hardness of extrudate. At higher feed moisture and mango peel powder addition, the extrudate was hardened and not expanded. Besides, the maximum mixing torque was found significantly affected by a negative linear relationship between barrel temperature and screw speed. The moisture loss of extrudate at the die exit was observed with no significant difference between all extrusion conditions. The best combination of extrusion process variables to produce expanded corn-mango peel extrudates with minimized maxing mixing torque was achieved at 144°C of barrel temperature, 100 rpm, 17% feed moisture, and 17.09% mango peel powder. Even though the extrudate's linear expansion was not the highest within the extrusion range, but a good texture (i.e. no grittiness and yet crispier) was produced when post-drying was applied to the extrudate at 105°C for 2 hours. A sensory study is essential to be carried out in the future to evaluate the consumer acceptance of the optimized expanded and yet relative crispy mango peel containing corn-based products. 
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